Microstructures and tensile properties of commercial pure magnesium processed by rotary swaging (RS) technique were investigated. Bulk and gradient textures in the RS processed Mg were characterised by neutron and synchrotron diffractions, respectively. Grains of the pure Mg were gradually refined with increase in the RS passes, which largely contributed to an increase in the tensile yield strength. A dominated basal fibre texture was observed in the RS processed pure Mg.
Introduction
Swaging is a forging process in which the dimensions of an item are altered using a die or dies by applying force. It is usually a cold working process; however, it also can be a hot working process.
)
Rotary swaging is primarily suitable for cylindrical parts made from rods, tubes, and wires [1, 2] .
The low tooling cost and fast setup make swaging an economical process for the production of even hundreds of pieces. The high output rate and material savings often make it also suitable for the highest production applications. Swaging process is widely used to make Al alloys, steel and Cu alloys products but not extensively used for Mg and its alloys till nowadays [2] [3] [4] .
Mg and its alloys are one of the lightest structural materials. However, they have relatively low strength and ductility which limits their applications. Efforts have been taken to improve the mechanical properties of Mg by alloying and microstructural optimization by mechanical deformations [5, 6] .
Conventional rolling and extrusion on Mg can help to improve the tensile properties, but the deformed Mg always exhibits a high strong anisotropy [7, 8] . Recent investigations on severe plastic deformations (SPD), such as equal channel angular pressing (ECAP) and high pressure torsion (HPT) of Mg and its alloys have been widely performed [6, 9] . Results showed that the SPD processed Mg alloys demonstrated a high ductility but relatively low strength [7] . Due to the limitation of deformation conditions the large scaled application of previous SPD techniques on Mg and its alloys is still in progress [10] . Swaging deformation on Mg and its alloys has not been so far widely carried out even though it is a traditional forming technology.
Mg easily appears anisotropy because of its intrinsic HCP (Hexagonal close-packed) crystallography structure which has limited slip systems at low temperatures [11] . Texture development of Mg alloys by conventional thermomechanical processes such as hot extrusion, forging, and rolling are well understood [8, 12] ; and as well their anisotropic tensile or compression stress-strain behaviours [13] . Basal plane sliding accommodated by twinning deformation was mainly considered to be the formation of preferred orientation/ texture in Mg. Unique texture developed via ECAP/ECAE (equal channel angular extrusion) has widely been investigated in the last years by experimental and as well by the simulation [6, 7, 14, 15] . During ECAP/ECAE processing the basal planes gradually orientating normal to the shear direction via different ) processing routes were reported. This was also proved by the texture gradient analysis in ECAP processed pure Mg [16] . A stationary oblique B fibre which is a typical simple shear deformation has been reported in HPT processed pure Mg [9, 17] . Few investigations were carried out to explore the texture development during swaging of Mg [18, 19] . Moreover, most of them did not systematically clarify the bulk texture evolution and as well the texture distribution.
Current investigations were undertaken to study first the microstructure and texture (bulk and local) of the RS processed pure Mg. Their evolutions will be related to the RS deformation mechanism. Second, the tensile properties at room temperature of the RS processed pure Mg will be investigated and discussed.
Experimental
Rods of diameter of 10 mm and height of 100 mm machined from the commercial pure Mg (99.99%, Xinxiang Jiuli Magnesium Co., Ltd, China) ingots were used as raw materials [ Fig. 1 (a) ].
A stationary spindle swaging machine was from Heinrich Müller. The principle of its operation was illustrated in Fig. 1 (b) ; and as well as the sample coordinate definition (SD-swaging direction, Rradial direction, H-hoop direction). The rod sample was heated to a desired temperature and held for 10 minutes before each swaging deformation. The heating temperature selected was gradually decreased (Fig. 2) . Sample S7 was swaged out at room temperature. A set of molds was used to reduce the size of work piece from Ø 10 mm to Ø 4.5 mm. Typical deformed samples at different strain levels (marked as S1, S2, ... , S7 in Fig. 2) were selected for the further investigations. The true strain of the samples calculated based on area reduction using the relationship, φ=ln (A 0 /A), is listed in Table 1 .
The samples for optical investigations were taken from the longitudinal sections of the rods. The samples were firstly cold mounted, and progressively ground with SiC water proof papers up to 2000 grid size. Finally the samples were polished on a rotating disc with 0.05 µm suspended silica (OPS) as abrasive particles with NaOH as lubricant. The polished samples were chemically etched ) in a solution of 8 g picric acid, 5 ml acetic acid, 10 ml distilled water and 100 ml ethanol. They were observed under Reichert-Jung MeF3 optical-microscope attached with analySIS pro software.
Bulk texture evolution of the swaged samples was measured using the thermal neutron diffractometer STRESS-SPEC located at the FRM II, Heinz Maier-Leibniz Zentrum (MLZ) Garching, Germany [20] . Samples with a height of 10 mm machined from the swaged were used for the texture measurements. Five pole figures were measured using two detector positions with a wavelength of 0.164 nm. These 5 pole figures were used to calculate the orientation distribution function (ODF) using series expansion method with an expansion degree of l max = 22 and to recalculate pole figures as well as ODF sections from ODFs [21] . Texture gradient from the surface to the center of the rod was analysed using synchrotron radiation at HEMS -High Energy Materials Science Beam line P07 at PETRA III, DESY Germany. The beam size was 50 µm×50 µm. The detail of the measured positions will be shown in the following section.
Tensile tests were carried out at room temperature using an Instron 5569 universal testing machine at an initial crosshead speed of 1 mm·min -1 . The tensile axis was parallel to the swaging direction (SD as marked in Fig. 1 (b) ) of the rod. Detailed microstructure observations of the sample S7 on the plane which was parallel to the SD direction (rod feeding) were performed. The results are shown in Fig. 4 . The high magnification ) micrographs of the regions marked as A, B and C are also presented in Fig. 4 . Position A, which is near the surface of the rod, shows many shear bands like appearance. These shear bands were remained to some degree at position B also. At position C, no shear bands were seen and the grains were mostly recrystallized. Moreover, the grain size decreased from the surface to the centre. It should be mentioned that such kind of distribution of the microstructures is a typical phenomenon in swaging process, indicating that there should be an inhomogeneous deformation occurs from the surface to centre of rod during swaging [3, 4] . Therefore, a local texture analysis was performed to further characterize the swaging deformation. The results will be discussed in the next section.
Results

Microstructures
Textures
Bulk texture evolution
Fig . 5 shows the texture evolution of the samples of S2 to S7 using the ODF-sections PHI2=0° and 30°, respectively. There exists a main {00.1} basal fibre at the first stage for the sample S2, which is similar to the texture of typical hot compression or forging of Mg [11] . In between two weak components {10.0} and {11.0}, the prismatic planes were also observed. These two components should come from the reheat treatment. These prismatic planes slip should also be accommodated by the compression twinning because the basal planes are already re-orientated for the input of S2.
For the sample S3, which was 4 times swaged after S2, the maximum intensity in ODFs increased. It still showed a basal fibre but with an increase of another two prismatic plane components. This should be attributed to the recrystallization effect. The {00.1} basal plane intensity increased with sample S4 which was one time swaged after S3. The sample S6 exhibited a little higher maximum basal intensity than that of S5. For the sample S7 which had the same diameter as that of the sample S6 but swaged at room temperature the maximum intensity in ODFs decreased with the recrystallization component compare to S6. This can be also seen from the optical microstructures.
Texture gradient )
The specimen with a dimension of Ø 4.55× 4.55 mm 2 was used for texture gradient measurement by synchrotron radiation. The measured positions A, B and C were similar to those marked in Fig. 4 which represented these locations in the rod near the outer surface, 1 mm to the outer surface and at the centre, respectively. The (10.0) and (00.2) pole figures of the local texture analysis at these corresponding positions for the sample S7 are shown in Fig. 6 , respectively. In general, at all the positions strong basal fibre was observed. However, at the positions A and B the basal planes in some grains were orientated about 45° to the R-direction; and two symmetric axes marked in dashed lines can be clearly seen at position B. This re-orientation of the basal plans was much more obvious at the position A. According to the microstructures shown in Fig. 4 both the positions A and B have shearing bands.
Tensile property
The tensile yield strength (TYS) and the tensile elongation of the samples S1 to S7 are shown in Fig.   7 (a) and (b), respectively. The TYS of two times swaged sample (S2) increased marginally compared to that of the as-cast sample (S1): the increase was from 53 MPa to 60 MPa. The TYS was monotonously increased. The TYS of sample S7 was 3 times higher than that of the as-cast sample. After swaged 4 times the increase of TYS was slowed down and it tended to be stable. However, the tensile elongation curve showed a different variation (Fig. 7 (b) ). The elongation increased about 4 times from that of the as-cast to that of S2 and S3; then decreased to about 2 % with S4 to S7. Actually, distribution of the tensile elongation of samples S4 to S7 was around this value, which might indicate a saturated platform of the ductility of the RS processed Mg.
Discussions
From the above description the bulk texture development shows a strong relationship with the RS process pass. In principle the swaging deformation looks like a multiple directional forging plus ) extrusion of a rod. The grain size of RS processed pure Mg can be greatly refined even with few cycles. Dominant basal planes sliding accommodated by twinning deformation lead to the formation of strong basal fibre texture [11] . Partially recrystallization also occurred due to a relatively high swaging temperature. As the grain size reduced with more swaging cycles, the prismatic planes became activated and hence twinning deformation could be suppressed. However, the dynamic recrystallization always occurred during RS process.
Inhomogeneous distribution of the grain size and texture represented the non-uniform deformation along the diameter from surface to centre of the RS processed rod. Existence of the shear band near the surface should mainly result from the different rod feeding speed at each cycle and the friction between the die and rod. Since the rod was manually fed using the current available swaging machine it was hard to keep a constant and uniform feeding rate. This led to an asymmetric distribution of the basal planes around the SD (marked in Fig. 6 ). Moreover, the unavoidable temperature gradient from surface to the centre of the rod could also contribute to the microstructural inhomogeneity. However, the degree of inhomogeneity decreased with the increase in the number of swaging process cycle due to lowering the deformation temperature. This was the reason for the gradual reduction in temperature during the present RS experiments (ref. Fig. 2 ).
Moreover, continuously lowering the temperature could also contribute to the stability of microstructure, as reported by the ECAP processed Al-Mg alloy [22] . Texture inhomogeneity or gradient was widely found in ECAP processed pure Mg and copper [16, 23] , and as well the HPT process [24] . However，this texture inhomogeneity tended to be alleviated with the increase of process cycle / pass, which is similar to that observed in the current investigation.
Furthermore, evolution of the tensile property is greatly related to the microstructures of the RS processed pure Mg, i. e., grain size and its distribution, and the inner preferred grain orientation.
Continuous increase of the TYS with the swaging cycle demonstrated the effectiveness of the swaging process to increase the strength of pure Mg. Gradual increase of the TYS shown in Fig. 7 (a) with the swaging cycle could mainly attribute to the reduction of grain size and the increment of ) dislocation density. At a lower temperature or room temperature, only partial recrystallization took place. The saturation of TYS observed at the later stage of swaging suggested that the microstructure was tending to be stable [3] . The changes in the grain size and the dislocation density were not apparent at that time. However, the variation of the tensile elongation showed difference of TYS. Both the S2 and S3 samples demonstrated a rapid increase in ductility from that of the as-cast, which was mainly due to the bimodal distribution of the grains. Similar effect of the bimodal grains on the strain was also reported in sever plastic deformations like ECAP, HPT, and etc. [25] . Hence, effective grain refining with the RS process played the important role in improving the tensile properties. The saturation of the grain refinement from S4 to S7 was responsible for the nearly stable corresponding tensile elongation variation (in Table 1 ).
Finally, it is interestingly noted that the TYS of the swaged S7 (deformation strain of ~1.58)
showed a similar value of pure Mg processed with ECAP after 4 passes (deformation strain of ~4) [26] ; but the maximum intensity of the basal fibre texture in the present RS processed sample was half of that observed in the ECAP processed pure Mg [16, 27] . This may be due to the different deformation modes of two techniques. Swaging deformation behaves like multi-directional forging while mechanical shearing is the main deformation mode in ECAP [28] . Re-orientation of the basal planes in most grains was different with these two processing modes. Moreover, temperature should also play an important role for the produced texture since it affects the recrystallization during and after deformation. Hence, RS can effectively improve the tensile strength while ECAP is efficient to increase the ductility in comparison with these two studies on Mg.
Conclusions
With the rotary swaging proceeding, the grain size of pure magnesium can be effectively refined.
The microstructure was inhomogeneous from the surface to the centre of rods due to the existence of shear deformation at the near surface region. A strong {00.1} basal fibre texture was observed.
Its maximum intensity slightly increases with increasing the RS process pass. The tensile yield stress monotonously increased and tended to be stable during swaging. The tensile elongation first ) increased, reached the maximum at a swaging strain of about 1, and then decreased again with further RS processing. RS processing on pure Mg with less deformation strains is very efficient to increase the tensile strength as compared to ECAP. 
